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Expression of protein kinase C isoforms in renal tissue
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Expression of protein kinease C isoforms in renal tissue. PKC plays a
central role for the regulation of renal function. PKC consists of a family
of isoenzymes. By employing Northern blot technicues we have demon-
strated that mRNA transcripts for the classical Ca k-dependent, diacyl-
glycerol-activated isoform a, the novel, Ca2tindependent isoform 6 and
the atypical isoform are abundantly expressed in the rat kidney. The
novel PKC-e was weakly expressed. The classical PKCs /31, /311 and y could
not be detected. The mRNA expression of PKC-8 and - increased with
age. The intrarenal localization of PKC-a, -h and - isoforms were studied
in the adult kidney using in situ hybridization. In the cortex, the PKC-a
isofom showed the strongest hybridization signal. PKC a, 6 and were all
distributed in the outer medulla. The PKC-a probe detected particularly
strong signal in the outer stripe of the outer medulla. Western blot
confirmed the presence of the PKC-a, -6 and - enzymes in renal tissue.
The results show cell-specific and developmentally-dependent expression
of three types of PKC isoforms with different responses to diacylglycerol
and calcium. The developmental increase of both PKC-6 and PKC-
suggests a specific role for these isoforms for the functional regulation of
the mature kidney.
Protein kinase C is a phospholipid-dependent protein kinase
expressed in nearly all eukaryotic cells. The activation of this
kinase is a common pathway by which extracellular signals from
hormones, neurotransmitters and growth factors produce their
biological effect [1, 2]. Several lines of evidence suggest that many
of the renal tubular transporting systems are under the control of
protein kinase C. The enzyme Na,K-ATPase, which is of vital
importance for the reabsorption of Na in all tubular segments, is
phosphosylated and inactivated by PKC in vitro [3].
Enzymatic studies as well as molecular cloning have revealed
that PKC is actually a family of isoenzymes: the classical PKCs
including the a, /31, /311 and y isoforms, the novel PKCs including
e and 0, and the atypical PKCs containing the and A
isoforms [reviewed in 4]. The classical PKCs are activated by
Ca2, phosphatidylserine, and diacylglycerol. The novel PKC
enzymes are also activated by phosphatidylserine and diacylglyc-
erol or phorbolesters, but do not require Ca2 [5, 6]. The atypical
PKCs are dependent on phospholipids but are not affected by
diacyiglycerol, phorbolesters or Ca2 [7, 8].
'Current address: Department of Biochemistry, Faculty of Medicine,
University of Buenos Aires, Paraguay 2155 5 Piso, 1121 Buenos Aires,
Argentina.
Received for publication February 17, 1994
and in revised form October 7, 1994
Accepted for publication October 10, 1994
© 1995 by the International Society of Nephrology
Since the members of the PKC family respond differently to
second messengers the pattern of activation of the PKC isoforms
could serve as a basis for the regulation of renal function. No
comprehensive study on the expression of the different PKC
isoforms in renal tissue has been published to date.
Here we report the distribution and relative abundance of the
a, /31, /311, y, h, e and isoforms mRNA in the rat kidney. Since
PKC will, in addition to its effects on membrane function, also
regulate cell growth [9, 10], the relative mRNA abundance of the
PKC isoforms was compared in infant, rapidly growing kidneys
and in adult, mature kidneys.
Methods
Animals
Male Sprague-Dawley rats were used in this study. Young rats
were maintained with their dams (6 to 8 pups/dam), which were
fed a standard rat chow (Ewos, Sodertälje, Sweden) and received
tap water ad libitum. All animals were anaesthetized with thiobu-
tabarbial (8 mg/100 g body wt) and the brain and kidney were
immediately removed. The kidneys were dissected on ice and
divided into a cortical and medullary part. The medullaiy portion
will include the outer and inner stripe of the outer medulla as well
as the inner medulla. The tissue was then homogenized in 4 ml
guanidine isothiocyanate buffer (4 M guanidine isothiocyanate and
25 mM sodium citrate) with 0.1 M f3-mercaptoethanol (added just
before use). Medulla from three to six animals were pooled before
homogenization. In young rats, cortices from three to five animals
were pooled.
Northern and dot blot
Total RNA was extracted from freshly dissected tissue as
previously described [11]. The amount of total RNA per gram wet
tissue was the same in cortex and medulla of both infant and
adults kidneys. The guanidine isothiocyanate homogenization was
followed by centrifugation through 5.7 M cesium chloride. RNAs
were then separated on a 1% agarose gel containing 2% formal-
dehyde, and electrophoretically transferred to Hybond nylon
filters. To quantify the mRNA levels, 4 sg of total RNA was
denaturated in ice-cold 10 mrvi NaOH and blotted under vacuum
onto a Hybond nylon filter (Amersham, Buckinghamshire, UK)
with a Bio-Blot SF unit (Bio-Rad, Richmond, CA, USA). Prehy-
bridization (20 mm) and hybridization (3 to 4 hr) was performed
at 65°C in Amersham rapid hybridization buffer. Approximately 5
>< 10 cpm of the [32P] eDNA for the different isoforms of PKC
was added before the hybridization. The cDNA probes were
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random-primed (Multiprime DNA labelling system, Amersham)
with [a-32P] dCTP to approximately the same specific activity (ito
2 X i0 cpm/g eDNA). After hybridization the filters were
washed twice with 2 X SSPE (1 X SSPE is 0.15 M NaC1, 0.01 M
NaHPO4, 0.001 M EDTA, pH 7.4) and 0.1% sodium dodecyl
sulfate (SDS) (10 mm at room temperature), then once with 1 X
SSPE, 0.1% SDS (15 mm at 65°C), and last three times in 0.1 x
SSPE, 0.1% SDS (15 mm each at 65°C). Autoradiographs were
obtained by exposure to hyperfilm (Amersham) with intensifying
screens at —80°C for two to five days. Multiple exposure times
were obtained to ensure that the autoradiograph was within the
linear range for quantitative scanning. For rehybridization, the
filters were boiled in 0.1% SDS for two to five minutes and
removal of radioactively 32P-labeled probes from the filters was
confirmed by overnight exposure to X-ray films.
Each Northern and dot blot was hybridized with /3-actin to
ascertain quantitative loading. When performing dot blot analysis,
duplicate or triplicate RNA samples from different groups were
analyzed simultaneously on the same nylon filter.
DNA probes. The different PKC probes were a kind gift of Dr.
Yasutomi Nishizuka (Kobe University, Kobe, Japan) and were
full length rat cDNAs with sizes (in kb): a 3.3 (12), /31 2.2, /311 1.7
(13), y 3.0 (12), 5 2.9, 2.3 (5) and 2.6 (7). /3-actin was used as
a control probe [14].
Quantitation. Autoradiograms from dot blot analysis were
quantified with an LKB ultrascan XL laser densitometer inter-
faced to an IBM PC computer. The peaks were integrated using
LKB software. Each autoradiogram was scanned three times.
Relative levels of isoform transcripts were first related to /3-actin
and then compared to a standard sample (RNA from adult brain)
and given an arbitrary value of one.
Statistical analysis. Values are given as means SE. The
statistical analyses were performed with the Students t-test and
analysis of variance (Dunnets test).
In situ hybridization
Male Sprague-Dawley rats (B&K Universal, Stockholm, Swe-
den; body wt 200 g) were sacrificed by decapitation and the
kidneys were dissected out and frozen on dry ice. The tissue was
sectioned at 14 m in a cryostat (Dittes, Heidelberg, Germany),
and thaw-mounted onto precleaned ProbeOn ' Microscope
Slides (Fisher Scientific, Pittsburgh, PA, USA). Using MacVector'
software (IBI, New Haven, CT, USA) oligonucleotide probes
were selected based on optimum ratio of guanosine + cytosine!
total nucleotide numbers (60 to 67%) and minimal homology (not
greater than 75%) with GenBank-entered sequences. Six oligo-
nucleotide probes were synthesized (Scandinavian Gene Synthe-
sis, Koping, Sweden) complementary to nucleotides 2041-2088
and 3076-3123 (PKC-a mRNA, [121), 421-468 and 544-591
(PKC-5 mRNA, [5]) and 46-93 and 214-261 (PKC- mRNA, [7]).
The probes were 3'-end labeled with 35S-a-dATP (NEN, Boston,
MA, USA) using terminal deoxynucleotidyltransferase (Amer-
sham Ltd. Amersham, UK) and purified using Nensorb 20
columns (NEN). Both probes had a specific activity of 6 X 108
cpm/tg. In situ hybridization was performed essentially as de-
scribed [15, 16]. In brief, tissue sections were air-dried and
incubated for 16 hours at 42°C with 106 cpm of the labelled probe
in a hybridization solution containing 50% deionized formamide
(J.T. Baker B.V., Deventer, The Netherlands), 4 X standard
saline citrate (1 X standard saline citrate = 0.15 M NaC1, 0.015 M
sodium citrate), 1 X Denhardt's solution (0.02% bovine serum
albumin, 0.02% Ficoll (Pharmacia, Uppsala, Sweden), 0.02%
polyvinylpyrrolidone), 1% sarkosyl, 0.02 M NaPO4 (pH 7.0), 10%
dextran sulphate (Pharmacia), 500 j.Lg/ml denaturated salmon
sperm DNA (Sigma, St. Louis, MO, USA) and 200 m'vi dithioth-
reitol (LKB, Stockholm, Sweden). After hybridization, the sec-
tions were rinsed in 1 x standard saline citrate (SSC) at 55°C for
60 minutes including four changes of 1xSSC and for 60 minutes
at room temperature, transferred through distilled water, dehy-
drated through 60% and 95% ethanol (30 sec each) and apposed
to /3-max autoradiography film (Amersham) at —20°C. After six
weeks of exposure, the films were developed with Kodak LX 24
for four minutes and fixed for 15 minutes with Kodak AL 4.
Immunoblotting
Kidney and brain were removed from rats at the age of 10 and
40 days. Neostriatum from the brain, renal medulla and renal
cortex were dissected on ice, and stored at —80°C. Tissue was
homogenized by sonication in 1 ml SDS 1% (BDH Chemicals
Ltd., Poole, UK). Protein content was determined with Bio-Rad
protein assay (Bio-Rad, Richmond, CA) using BSA (Boehringer
Mannheim, Germany) as a standard. Sample buffer was added to
a final concentration of SDS 1%, Tris-HC1 0.25 mrvi (pH 6.8),
glycerol 10%, /3- mercaptoethanol 5%, trace amounts of Pyronin
Y, and samples were boiled for two minutes. Samples containing
equal amounts of protein (12 g) were subjected to SDS-PAGE
using 8% acrylamide gels. Proteins were then electrophoretically
transferred to nitrocellulose paper of 0.45 ttm pore size (Schlei-
cher and Schrell, Dassel, Germany). The filters were rinsed in
PBS and quenched with 5% fat-free dry milk (Semper, Stockholm,
Sweden) in PBS containing 0.2% TWEEN (Merck-Schochardt,
Hohenbrunn bei München, Germany). Proteins were detected
with immunoblotting. After rinsing, filters were incubated with
primary antibody against PKC a, S or used in a 3/1000 dilution.
Primary antibodies were rabbit polyclonal antibodies from Santa
Cruz (anti-PKC a, 5, and , catalog no. sc-208, sc-213 and sc-216;
Santa Cruz Biotechnology, mc, Santa Cruz, CA, USA). Anti-
PKC-a was against a synthetic peptide corresponding to amino
acids 651-672 of PKC-a, anti-PKC-5 was against amino acids
657-673 of the 5 molecule, and anti-PKC- against residues
573-592 of the isoform. Filters were then incubated with
secondary antibody in PBS after thorough rinsing. The secondary
antibody was an alkaline phosphatase-linked anti-rabbit antibody
(ProtoBlot system, SDS, Falkenberg, Sweden). Proteins were then
detected with the NBT/BCIP (5-bromo-4-chloro-3 indolyl phos-
phate/Nitroblue tetrazolium) method as recommended by the
manufacturer. All procedures were performed at room tempera-
ture and with agitation.
Results
Northern and dot blot analysis
The expression of mRNA for several PKC isoforms (a, /3!, /311,
y, 5, e and ) was studied in kidneys from infant (10-day-old) and
adult (40-day-old) rats. Northern blot analysis was performed to
evaluate the specificity of the cDNA probes. For reference,
mRNA extracted from adult brain was used. The cDNA probes
for the different PKC isoforms recognized bands that correspond
to molecular weights that previously have been reported for rat
-actin
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Fig. 1. mRNA expression of the classical PKC isofonns a, /31, /311 and y. A. Northern blot illustrating mRNA transcripts of PKC-a. Twenty micrograms
of total RNA from renal cortex (C) and medulla (M) from infant and adult rats were loaded in each lane. RNA from brain (B) was used as a reference.
The filter was probed with PKC-a eDNA as detailed in the Methods. Position of ribosomal 28S and 18S are indicated. The bottom panel shows /3-actin
to confirm that equivalent amounts of RNA were loaded in each lane. B. Graphic representation of the relative abundance of PKC-a mRNA. The
mRNA abundance of PKC-a in renal cortex and medulla was related to brain. An arbitrary value of 1 is given to a standard of brain homogenate. Values
are means SD (N = 4 to 7 in each group). C. Northern blot representation of mRNA transcripts of the classical PKC isoforms /3!, /31! and y. The lanes
are marked as in panel A. Ribosomal 28S and 18S are indicated. The bottom panel shows /3-actin to confirm that equivalent amounts of RNA were
loaded in each lane.
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tissue. The relative abundance of mRNA for the a,d,e and z
isoforms was quantitated using dot blot techniques. For clarity of
presentation, results are given as relative abundance to adult
brain.
Figure 1 shows the expression of the classical PKC isoforms.
Hybridization to the PKC-a eDNA-probe detected two transcripts
of approximately 8.5 kb and 3.5 kb (Fig. 1A). The 3.5 kb transcript
was most abundant. Analysis of adult brain showed transcripts of
the same molecular weight. Quantitative analysis of RNA levels
from dot blots showed that cPKC-a was uniformly distributed in
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Fig. 2. mRNA expression of the novel PKC isoforms i and s. A. Northern
blot analysis of PKC-. The lanes are marked as in Fig. 1A. Position of
ribosomal 28S and 18S are indicated. Expression of 13-actin is shown as an
internal control of the amount of RNA applied. B. Graphic representation
of the relative abundance of PKC- mRNA. The mRNA abundance of
PKC-ll in renal cortex and medulla was related to brain. An arbitrary value
of 1 is given to a standard brain homogenate. Values are means SD (n
= 6 to 7 in each group). *p < QØ5, **p < 0.001. C. mRNA expression of
PKC-s. The lanes are marked as in Fig. 1A. Position of ribosomal 28S and
18S are indicated. The bottom panel shows f3-actin to confirm that
equivalent amounts of RNA was loaded in each lane.
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the cortex and medulla of both infant and adult kidney (Fig. 1B).
The a isoform was the only one among the classical, Ca2-
dependent, diacylglycerol-activated PKCs we could detect in the
kidney. mRNA for the f31, f311 and y isoforms, also included in the
cPKC group, was present in brain but not detectable in renal
cortex and medulla (Fig. 1C). The mRNA expression of PKC-
and -e is illustrated in Figure 2. Transcripts of PKC-h were
abundant in the kidney as a single band of 3.1 kb (Fig. 2A). Figure
2B demonstrates a graphic representation of the relative mRNA
abundance of PKC-b in the kidney. The PKC- isoform was
expressed in both infant and adult cortex, with a threefold higher
level in the mature cortex. In the immature kidney the mRNA
level of PKC-6 was significantly higher in the medulla as com-
pared to the cortex (P < 0.05). The PKC-e cDNA-probe recog-
nized a single band with an apparent molecular weight of 7.1 kb
(Fig. 2C). The PKC-c isoform was very weakly expressed in renal
tissue. Quantitative analysis showed that PKC-c was uniformly
expressed in both cortex (dO, 0.062 0.007 vs. C40, 0.054
0.018; NS) and medulla (Mb, 0.065 0.017; M40, 0.054 0.017;
NS) during ontogeny. Northern blot analysis indicates that in
kidney tissue the PKC- gene is expressed as a major transcript of
2.2 kb as well as a faint band of 4.2 kb (Fig. 3A). mRNA
expression of the PKC- isoform was significantly more abundant
in both cortex (P < 0.001) and medulla (P < 0.05) of mature
kidney (Fig. 3B). The levels of PKC-C transcripts were also
Fig. 3. Expression of atypical PKC- mRNA transcripts. Northern blot of
total RNA demonstrating mRNA expression of PKC- in brain (B), renal
cortex (C) and medulla (M) from infant and adult rats. Position of
ribosomal 28S and 18S are indicated. The bottom panel shows /3-actin to
confirm that equivalent amounts of RNA were loaded in each lane. B.
Graphic representation of the relative abundance of PKC- mRNA.
mRNA levels were first related to /3-actin and then expressed as relative
abundance to brain. Values are means sD (N = 3 to 5 in each group).
*p < 0.05, < 0.001.
significantly higher in the immature medulla as compared to
cortex (P < 0.05).
In situ hybridization
The intrarenal localization of the mRNA transcripts for the a,
h and PKC isoforms was studied in the 40-day-old kidney with in
situ hybridization (Fig. 4). The probe to PKC-a showed strong
labeling in the outer stripe of the outer medulla. Labeling was also
seen in the cortex, papilla and in the inner stripe of the outer
medulla, whereas the inner medulla was devoid of hybridization
signal (Fig. 4A). The probe to PKC-5 showed uniform labeling in
the outer stripe and inner stripe of outer medulla, whereas the
inner medulla was mainly devoid of labeling (Fig. 4B). PKC-
labeling was distributed in the outer stripe and inner stripe of
outer medulla and in the inner medulla. The labeling to PKC-
was more pronounced in the inner stripe of the outer medulla
(Fig. 4C). In cortex, the hybridization signal to PKC- and PKC-
was mainly observed in the medullary rays.
Immunoblotting
Figure 5 shows a typical immunoblot for PKC a, and . The
PKC-a antibody detected a protein migrating at approximately
80 kDa in striatum, renal cortex and renal medulla. This corre-
sponds to the Mr previously reported for rat brain. The concen-
tration appeared to be striatum > medulla > cortex. No clear
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tissues was noticed from day 10 to day 40. The PKC-a antibody
detected a doublet with one band slightly above 80 and one band
of 70 to 75 KDa corresponding to previously reported Mr. The
lower band was stronger in the kidney whereas the upper band
was stronger in striatum. No clear ontogenic differences were
seen. It can, however, not be excluded that the differences were
below detection limits of the method. Preabsorption with control
peptides demonstrated that labeling with respective antibody was
specific.
Discussion
Fig. 4. Film autoradiograms of section of the adult rat kidney after in situ
hybridization with oligonucleotide probes PKC-a (A), -b (B) and - (C)
mRNA. The kidney sections show outer Cortex (en), outer stripe (Os) and
inner stripe (is) of outer medulla and inner medulla (im) (Bar 1 mm).
ontogenic differences were observed. The PKC-b antibody de-
tected a band at approximately 75 to 78 kDa in striatum, medulla
and cortex, corresponding to previously reported Mr and, in
cortex, an additional band at approximately 90 kDa. The abun-
dance was striatum > medulla > cortex. A small increase in all
Protein kinase C plays a crucial role for the regulation of cell
growth and function. The activity of several renal ion membrane
transporters is modulated by PKC. PKC phosphorylates Na,K-
ATPase purified from rat renal cortex and the phosphorylation is
associated with inhibition of enzyme activity [3].
Activation of PKC in a renal cell line (OK cells) has recently
been shown to result in phosphotylation of Na,K-ATPase and
with inhibition of the enzyme activity [17]. In addition, PKC
stimulates the activity of the Na']H exchanger and the Na-
HCO3 cotransporter in renal cells [18, 19]. Here we report for the
first time the presence of mRNA for several PKC isoforms in the
kidney. By employing Northern blot techniques we have demon-
strated that the kidney expresses mRNA coding for four different
PKC subspecies, PKC-cs, PKC-b, PKC-a and PKC-C. The intrare-
nal localization was studied with in situ hybridization. Western
blot confirmed the presence of PKC-a, -b and - protein in the
kidney.
Northern and dot blot techniques revealed that the a isoform
was expressed to apparently a similar extent in the cortex and
medulla of both the infant and adult kidney. The PKC-a isoform
was the only one among the classical, Ca2-dependent, diacylg-
lycerol-activated PKCs we could detect. The isoforms 131, (311 and
y, also included in that group, are either not expressed in the
kidney or are expressed to such a low extent that the sensitivity of
our methods did not allow determination. An additional possibil-
ity is that different splicing forms of the 131, (311 and (3 isoforms are
present in the kidney.
In the infant kidney the mRNA level of the novel, Ca2-
independent diacylglycerol-activated PKC-b was higher in me-
dulla as compared to cortex. This difference was not observed in
the adult kidney. We also detected an age-related increase of the
mRNA expression for PKC-b in kidney cortex. A similar increase
has previously been reported for PKC-b in mouse brain [20]. The
PKC-e was very weakly expressed in both infant and adult renal
tissue. PKC-c is expressed predominantly in the brain and only in
very low levels in other murine tissues [5, 21]. It has been
suggested that PKC-E is involved in tumorigenicity since signifi-
cantly higher expression of PKC-e has been found in several
tumour tissues than in their nonmalignant counterparts [22].
mRNA transcripts for the PKC- isoform showed a developmen-
tal increase both in cortex and medulla.
The Northern and dot blot analyses allow a certain quantifica-
tion of the developmental changes of the PKC isoforms in renal
cortex and medulla. The medullary portion contained both outer
and inner medulla. By using in situ hybridization we were able to
demonstrate a more precise distribution of the individual PKC
isoforms. PKC-a was the most abundant isoform in the cortex.
PKC a
Mw Mio Cio C4o Sio S4o
PKC 8
Mm Mio Cm C4o Sio Sw
PKC c
Mm Mm Cm C4Q Sm 54o
106
80
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Fig. 5. Representative immunoblot demonstrating the presence of PKC-a, - and - in brain (B), renal cortex (C) and renal medulla (M). Tissue samples
of 12gwere separated on SDS-PAGE, transferred to nitrocellulose membrane and immunoblotted with polyclonal primary antibodies directed against
PKC-o, -h and -. Alter incubation with an alkaline phosphatase-conjugated secondary antibody, proteins were detected colorimetrically.
Furthermore, hybridization to the PKC-a probe showed a very
strong labeling in the outer stripe of the outer medulla. The a
isoform is generally considered to be universally expressed, and
has previously been detected in renal tissue. Dong, Stevens and
Jaken showed with immunohistochemical staining the presence of
the a isoform throughout the nephron and was most concentrated
in the proximal tubules and the papillary collecting ducts [231. We
found that the a isoform was predominantly located to the Outer
stripe of the outer medulla. This zone consists of juxtamedullary
nephrons with S3 segments of the proximal tubule, thick ascend-
ing limb of distal tubule and collecting ducts. PKC-b was the only
isoform that was uniformly distributed in the outer medulla.
PKC- showed a stronger hybridization signal in the inner stripe
of the outer medulla. The inner medulla was mainly devoid of
detectable hybridization signal except to PKC-.
Immunoblotting confirmed the presence of PKC-a, -8 and -in
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cortex and medulla of both age groups. For all isoforms, the
abundance per mg protein was higher in renal medulla compared
to cortex, but lower than in the striatum. For PKC-b an additional
band at approximately 90 kDa was observed only in the cortex.
This could represent an isoform or a different splicing product of
PKC-5, but could also be a cross-reaction with another protein.
In the infant kidney mRNA expression of PKC-a was similar to
that in the adult kidney. The immature kidney did, however, differ
from the mature organ with regard to the expression of the PKC-8
and the PKC- isoforms. The developmental increase for both
PKC-6 and PKC- suggests a specific role for these isoforms for
the functional regulation of the mature kidney. In intact tubular
segments Na,K-ATPase activity is inhibited by phorbolesters,
diacylglycerol and dopamine via the PKC pathway [24]. This effect
is developmentally regulated. The sensitivity to PKC for the
Na,K-ATPase increases with age [25].
In conclusion, tissue-specific and developmentally-dependent
expression of three types of PKC isoforms have been identified in
the kidney. Since they have different responses to diacylglycerol,
Ca2 and phospholipids it seems likely that they can be activated
by different combinations of first messengers and that following
activation the duration of their effects as well as their subcellular
localization can vary. A coordinated expression of different PKC
isoforms could then serve as a basis for the regulation of a variety
of renal functions. This study provides a first step into the
understanding of that mechanism. Further work is needed in
order to clarify the role of each of the different isoforms of PKC
in the kidney.
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